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Abstract: Molybdenum sulfide (MoS2) with layered structure has emerged as a
promising anode material for sodium ion batteries (SIBs) in light of its particular
surface chemistry and physical structures. However, the MoS2-based SIBs usually
suffered from the weaknesses of the low rate capability and poor cycling stability
induced by the sluggish kinetics of Na+ intercalation and the diffluent discharge
products. Herein, the defective MoS2 nanocrystals and sulfur nanodots simultaneously
embedded in sulfurized polyacrylonitrile (SPAN) fibers were fabricated via an
electrospunning technology, followed by a simple annealing treatment. The unique
architecture, in which MoS2 nanolayers and sulfur nanodots were mounted inside the
SPAN fiber, provided multi-entry and short-range channel for sodium ion to ensure a
fast kinetics. Besides, sulfur defects within MoS2 produced the strong chemical
interaction for fixing soluble discharge products. As a result, the electrode performed
outstanding sodium-storage performance with a superior long cycling life (8000
cycles at 5 A g-1, 15000 cycles at 10 A g-1) and excellent rate capability (212 mAh g-1
at 25 A g-1). The full cell fabricated by using Na3V2(PO4)3 as the cathode also
delivered good energy storage performance and successfully powered a group of
light-emitting diode.
Keywords: Defect-rich, Few-layer, MoS2, Sodium-ion batteries, High rate
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1. Introduction
Sodium-ion batteries (SIBs), one of the most promising technologies among next
generation energy storage systems, have gained tremendous attentions in light of
sodium’s natural abundance and ready accessibility [1-7]. Significant efforts have
been made in improving their energy storage performance [8-13], such as the use of
the two-dimensional (2D) transition metal dichalcogenides (TMDs, e.g. molybdenum
disulﬁde/MoS2) by taking the advantages of their particular surface chemistry and
physical structures [14-18], i.e. the large surface area, the tunable surface chemistry,
the short ion-diffusion path on the surface and both the “Faradaic” and
“non-Faradaic” electrochemical behaviors [19-22]. Nevertheless, challenges are still
remain in the MoS2 based SIBs, which include the sluggish kinetics of Na+
insertion/extraction process, the large volume change and unfixable polysulfide
during the charge/discharge process [23-26].
To address the sluggish kinetics of the Na+ insertion/extraction process, several
strategies have been considered to decrease the ion-diffusion path by forming
few-layered structure [15, 27], to weaken the Na+ diffusion barrier by expanding the
layer distance [28, 29], and to improve the charge transfer process by taking the phase
engineering (the formation of 1T phase) [30]. Unfortunately, the metallic 1T-MoS2 is
thermodynamically unstable; whilst the most stable 1/2H semiconducting MoS2 is
suffering from the poor charge transfer efficiency. A general design of the electrode in
this regard is the combination of the 1/2H MoS2 with the electrically conductive
material such as the carbon sphere and grapheme [31-33]. For example, the electrode
3

of the sandwiched graphene/MoS2/carbon sphere has showed a good capacity (451
mAh g-1 at 1 A g-1) and electrochemical reversibility (253 mAh g-1 after 4500 cycles
at 3 A g-1) on SIBs [34]. However, the performance is still far away from that can be
explicated from the 2D TMDs, and more integrated strategies need to be involved to
break the limitation of rate performance and realize outstanding electrochemical
reversibility.
Practically, during the charge/discharge process of the MoS2 based SIBs, the solid
Na2S product/sediment in the esters-based electrolyte is unfavorably degenerating the
structure of the MoS2 and the power performance [35-37]. The sulfurized holding
materials are therefore investigated to improve the concentration of the S in the
electrolyte, which is critical to the highly revisable electrochemical charge/discharge
process [38-40]. The sulfurized polyacrylonitrile (SPAN) is one of this kind material,
reported by many scientists [41-45]. It can be processed with high electrical
conductivity, high surface area and different structures. The splendid ductility of the
SPAN can also be potentially used to inhibit the volume change of the electrode
during the charge/discharge process. However, in the other side, the soluble Na2Sx
(x≥4) in the SPAN based SIBs can result in serious shutting effect [46-51].
Techniques have to be introduced to adsorb and fix this discharge product [52-57].
Although the typical MoS2 can gently adsorb soluble discharge products, it still
cannot satisfy the practical need of the stable SPAN electrodes. Tackling this issue
would directly improve the power performance of SIBs in many aspects.
In this work, we propose a unique strategy to improve the power performance of
4

SIBs by using defect-rich MoS2 nanocrystals and sulfur nanodots simultaneously
embedded in sulfurized polyacrylonitrile fibers. Such defected MoS2 layers provided
rich actives sites interacting with the S element to alleviate the shutting effect.
Building on the short Na+ diffusion distance of the thin defected MoS2 nanocrystals,
the Na+ can rapidly insert into MoS2 not only between the layers but also through the
defect, and the faster kinetics was realized. As a result of these designs, the SIB
fabricated from the MoS2-modified SPAN fiber presented an excellent high rate
performance (212 mAh g-1 at the current density of 25 A g-1) and superior cycling life
(more than 8000 cycles at 5 A g-1 and 15000 cycles at 10 A g-1). Furthermore, a
sodium ion full-cell with the MoS2-modified SPAN fiber anode and Na3V2(PO4)3
cathode is also assembled and consummately powered a light-emitting diode lamp.
2. Experimental
2.1. Synthesis of SPAN-Mo samples.
Typically, 0.6 g of ammonium tetrathiomolybdate and 0.9 g of polyacrylonitrile
(PAN, Mw 1300000) were added into 10 mL of N,N-dimethylformamide (DMF),
following by stirring for 24 h. And then, the solution was electrospun between an
aluminium foil collector and the needle tip (+20 kV), with a feeding rate of 0.6 mL
h-1. The obtained film was mixing sulfur (w:w=1:2) and CS2 in railboat and ultrasonic
dispersion uniformity, followed by heating overnight at 60 oC to remove CS2. The
dried mixture was sulfuration at 350 oC for 5 h (2 oC min-1, Ar atmosphere) firstly.
Then the temperature heat to 475 oC, maintaining another 1 h to synthesis the
SPAN-Mo-475 samples. For comparison, the SPAN-Mo-400 and SPAN-Mo-550
5

samples were obtained while the temperature heat to 400 oC and 550 oC respectively.
The PAN-Mo-475 and SPAN-475 samples were synthesized via the same process
without adding sulfur and ammonium tetrathiomolybdate respectively. The bulk MoS2
was fabricated by annealing the ammonium tetrathiomolybdate. For testing the
dissolving properties of SPAN, 10 mg SPAN-Mo-475 powders was added into 10 ml DMF. After
stirring for 24 h at room temperature, the sample was centrifuged with DMF and distilled water
for three times. Finally the powders was dried at 60 oC and marked as D-SPAN-Mo-475. The
D-SPAN-475 sample was obtained through the same process while SPAN-475 was used as
pristine material added into DMF solution.

2.2. Characterization
X-ray diffraction (XRD) was performed on Bruker D8 diffractometer by using
filtered Cu-Kα radiation (λ=0.15406 nm), 2θ ranging from 10o to 90o under 40 kV and
20 mA. The microstructures of as-prepared samples were investigated by using
Scanning electron microscopy (SEM) on Hitachi 8100 under 5 kV and Transmission
electron microscopy (TEM) on FEI F20 S-TWIN under 100 kV. The
thermogravimetric analysis (TGA) was carried out on TA-SDT Q600 analyzer from
room temperature to 600 °C (10 oC min-1 under the air flowing). Raman spectra was
conducted on DXR2xi with a laser at wavelength of 532 nm. Infrared spectroscopy
(IR) was performed on Thermo Scientific Nicolet iS10. The sulfur content of these
samples was measured by Elemental analysis (Vario El cube). X-ray photoelectron
spectroscopy (XPS) spectra were carried out with an ESCALAB MARK II spherical
analyzer with Kα radiation as the X-ray source. Electron paramagnetic resonance
6

measurement was collected on MS 5000.
2.3. Electrochemical Measurements.
The working electrode was fabricated by using the prepared powders, a conductive
agent (super P) and a binder (CMC) with mass ratio of 8:1:1 in DI water. And then the
slurry was spread onto a copper foil and transfer into a vacuum oven at 70 oC
overnight. In the half-cells, the sodium foil served as counter electrode while the
electrolyte is 1 M NaClO4 in 1:1 (weight ratio) EC/PC with 5% ﬂuoroethylene
carbonate (FEC) additive. 200 ul of electrolyte was used for each cell. The specific
capacity was calculated on the basis of the total mass of the active materials. For
example, the specific capacity of SPAN-Mo-475 was calculated on the total mass of
the MoS2, S and SPAN. The powders’ weight on the copper foil was about 1 mg cm-2.
In the full-cells for SIBs, the mass ratio of SPAN-Mo-475 anode and NVP cathode
was optimized to 1: 5. The SPAN-Mo-475 anode was presodiated for several cycles
until the coulombic efficiency reached up to 98% before assembling full cells. Tests
of electrochemical performance were analysis with Land CT 2001A tester between
the voltages from 0.2 V-3 V. Ivium-n-Stat electrochemical workstation was used to
measure the cyclic voltammetry (CV) at a scan rate of 0.1-0.5 m V s-1.
3. Results and discussion
As shown in Fig 1a, the precursor of the PAN-(NH4)2MoS4 fiber was prepared by
an electrospunning technique. The SPAN fiber was firstly formed by sulfurizing the
PAN-(NH4)2MoS4 fiber at 350 oC, then annealed at 475 oC to decompose (NH4)2MoS4
and sublimate superfluous sulfur. The SPAN-Mo-400, SPAN-Mo-475 and
7

SPAN-Mo-550 were prepared with different annealing temperatures of 400, 475, and
550 oC, respectively. As the control, SPAN-475 and PAN-Mo-475 were also prepared
with the identical process without the addition of (NH4)2MoS4 and sulfur (see
Experimental Section for more details). All these prepared samples were composed
by uniform fibers (diameter of 150-200 nm), as suggested by the scanning electron
microscopy (SEM, Fig 1b-g and Fig S1) observations.

Fig. 1 (a) Schematic synthesis of the SPAN-Mo-475 composite. SEM images of
SPAN-Mo-400, SPAN-Mo-475 and SPAN-Mo-550 composite at low (b, d, f) and
high (c, e, g) magniﬁcation.
The phases of all samples were confirmed by X-ray diffraction (XRD) (Fig 2a and
Fig S2). In SPAN-Mo-400, SPAN-Mo-475 and SPAN-Mo-550, the MoS2 (002)
characteristic peak is widen and slightly shifted from 14.1o to lower angles,
evidencing that the stacking nature of layered MoS2 was alleviated. The characteristic
peak of S (31.2o) was weakened along with the synthesis temperature from 400 to 500
8

oC,

associating with the reduction of the sulfur content in SPAN-Mo samples.

Besides, graphitic (002) plane shown a broad diffraction peak at 2θ=25° due to the
pyrolysis with sulfur in SPAN fiber, of which intensity was enhanced with the
increasing synthesis temperature. The total S contents in SPAN-475, PAN-Mo-475,
SPAN-Mo-400, SPAN-Mo-475 and SPAN-Mo-550 were determined by the elemental
analysis as 20.2 wt%, 10.3 wt%, 32.2 wt%, 31.4 wt% and 28.2 wt%, respectively.
Upon the mass ratio of MoS2 from the TGA result (Fig S3), the mass ratio of MoS2 :
S in SPAN-Mo-400, SPAN-Mo-475 and SPAN-Mo-550 were calculated as 1 : 0.75,
1 : 0.75 and 1 : 0.40, respectively.

Fig. 2 (a) XRD patterns, (b) Raman spectra, (c) IR spectra and (d) EPR spectra of
selected samples. (e) S 2p and (f) Mo 3d XPS spectra of SPAN-Mo-475.
The Raman (Fig 2b and Fig S4) and Fourier Transform Infrared (FT-IR)
spectroscopies (Fig 2c) were further applied to characterize the SPAN-Mo samples.
The C−S modes of SPAN can be observed at 181, 307 and 367 cm-1 in Raman spectra
9

and those peaks located at 470 and 926 cm-1 can be assigned to the S-S bond [41].
However, the C−S bonds were missing SPAN-Mo-550 due to the excessive reaction
temperature, suggesting the deficient structure of the SPAN. Besides, Mo−S bond
appeared in SPAN-Mo-550 at 378 and 401 cm-1, and was weak in SPAN-Mo-475 and
SPAN-Mo-400 [23]. By using the integral area values of D and G peaks, the D/G
ratios of SPAN-Mo-400, SPAN-Mo-475 and SPAN-Mo-550 samples are 1.57, 1.51
and 1.40 respectively, suggesting the higher degree of graphitization of
SPAN-Mo-550 sample (Fig. S5). It demonstrates that SPAN-Mo-550 sample is partly
carbonized. FT-IR spectra gave the similar information (Fig 2c), presenting
characteristic peaks at 470 (S−S bond), 658 (C-S stretch), 940 (ring breathing of C−S
bond), 1368 (C-C bond) and 1504 (C=C bond) cm−1 of the SPAN fiber. Both the
Raman and FT-IR spectra showed the C=N bond at 812 and 1264 cm-1, respectively
[41, 42]. All these information suggested that the SPAN-Mo samples are composed
by MoS2 and SPAN, and filled with little sulfur (will be further confirmed).
Dissolving properties of SPAN for SPAN-Mo-475 and SPAN-475 samples in DMF
solution are verified by SEM, Raman and FTIR measurements (Fig. S6). After
stirring in DMF solution for 24 h, the D-SPAN-Mo-475 and D-SPAN-475 samples
display well-maintained fiber structures. Besides, the characteristic peaks related to
SPAN in Raman and FTIR spectra are also clearly observed in D-SPAN-Mo-475 and
D-SPAN-475, suggesting that SPAN exhibits good structural robustness in DMF
solution.
EPR is an important technique to characterize the sulfur defects in MoS2 [58, 59].
10

The SPAN-Mo-475 was then investigated as an example by the EPR because it
performed the best energy storage performance among all the prepared samples (will
be classified later). Comparing with the bulk commercial pure MoS2, the g = 2.00
associated with the sulfur vacancies in the SPAN-Mo-475 was signiﬁcantly intensiﬁed
and broadened (Fig 2d), suggesting the increased concentration of sulfur defects. The
g value of the SPAN-Mo-475 also shifted from the bulk pure MoS2, which was
probably induced by the strong interaction between the defect point of MoS2 and the
elemental sulfur (filled around these defects). Such interaction was further confirmed
by the X-ray photoelectron spectroscopy (XPS). As suggested in Fig 2e, the
SPAN-475 showed four peaks with the binding energy of 165.1, 164.1, 163.1, and
162 eV, which can be assigned to S (2p1/2 and 2p3/2) of the S and C-S states,
respectively. However, in the SPAN-Mo-475, the S-S peaks shifted to 164.1 and
163.8 eV, suggesting strong interaction between defect-rich MoS2 and the surrounded
S clusters [60]. Deconvolution of the S (2p) XPS of SPAN-Mo-475 also give two
peaks at 162.7 and 161.6 eV (Fig 2e), corresponding to the Mo-S (2p3/2 and 2p1/2)
from 1H/2H MoS2. Like SPAN-Mo-475, the PAN-Mo-475 has also the peaks from
the 1H/2H MoS2. For the Mo 3d spectra (Fig 2f and Fig S7), it can be deconvoluted
into four characteristic peaks centering at 229.1, 232.2, 232.7 and 232.8 eV, related to
the Mo4+ 3d5/2, Mo4+ 3d3/2, Mo6+ 3d5/2 and Mo6+ 3d3/2, respectively. Notably, the MoS2
with rich vacancies in SPAN-Mo-400, SPAN-Mo-475 and SPAN-Mo-550 perform
particular characteristic peaks located at 228.9 and 232.0 eV, suggesting the lack of
lattice sulfur and decrease of oxidation state of Mo element [61]. Besides, the
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numbers of Vac Mo were increased with the reaction temperature. All these
information suggested that the 1H/2H defective MoS2 has been formed at 475 oC, and
the S in SPAN has been strongly interacted with the defected Mo-S phases.
We further analyzed the fine structure of the SPAN-Mo-475 with transmission
electron microscopy (TEM) (Fig 3). Element distributions of the Mo, S, N and C in
the fiber are homogenous (Fig 3a and b). There are various highly dispersed dots in
the fiber, which may raise from the phase of MoS2 and S element (Fig 3a and c). High
resolution TEM (HRTEM) of the fiber revealed more information of these dots (Fig
3d), giving many crystals layers and highly disordered domains with high contrast
(yellow circle: relatively pure Mo-S phase; red circle: highly disordered S phase;
green circle: Mo-S layers surrounded by S clusters with high contrast). These crystals
layers are corresponding well with the layer structure of the 2H MoS2, but the layer
distance is slightly enlarged from their highly crystallized phase (JCPDS: 87-2416, d
= 0.625 nm). The edge structure of the MoS2 layers is more evidently in the HRTEM
image taken at the edge of the fiber (Fig 3e, 4-6 layers, d ≈ 0.67 nm, white circle:
defect). Fig 3f shows the enlarged HRTEM image from the marked place of Fig 3e,
where the hexagonal structure (see the FFT pattern) and defected points (white circle)
of the MoS2 are clearly presented.
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Fig. 3 (a, c) TEM images and (b) EDS mapping results of SPAN-Mo-475. (d-f)
HR-TEM image of SPAN-Mo-475. Inset in (f) is the corresponding fast Fourier
transform (FTT) pattern. All the TEM images were performed with the bright-field.
All the above characterizations suggested that the defect-rich few-layered MoS2
nanaocrystals and sulfur nanodots have been successfully embedded into the SPAN
fiber with our technology. As introduced above, this designed structure may have
already improved the electrode materials for rapid sodium storage. Therefore, we
further assembled the half cell and evaluated its electrochemical performance for
sodium ion batteries (see Experimental Section for details).
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Fig. 4 (a) CV curves of SPAN-Mo-475 and PAN-Mo-475. (b) The cycling
performances of as prepared samples at current density of 1 A g-1. (c) The long term
cycling performances of SPAN-Mo-475 electrode at current density of 5 A g-1 and 10
A g-1. (d) The rate capability of as prepared electrodes at different current densities
between 0.5 and 25 A g-1. (e) The long term cycling performances of SPAN-Mo-475
electrode.
The specific capacities of electrodes were calculated on the basis of the total mass
of the active materials. For example, the specific capacity of SPAN-Mo-475 was
calculated on the total mass of the MoS2, S and SPAN. The cyclic voltammetry (CV)
electrochemical behaviors of SPAN-Mo-475 is shown in Fig 4a for the initial three
cycles. Two reductive peaks of SPAN-Mo-475 and PAN-Mo-475 were observed in
the first discharge process. The broad peak at 1.0 V and the peak located at ~0.2 V are
corresponded to the formation of SEI film and the formation of Mo and Na2S
[NaxMoS2 + (4-x)Na+ + (4-x)e- → Mo + Na2S], respectively [24, 62]. The oxidation
14

peak centering at 1.9 V corresponds to the formation of SPAN and sulfur. Besides, the
two peaks located at 1.9 and 1.3 V in the second discharge process of SPAN-Mo-475
can be assigned to the reduction of soluble Na2Sn (n ≧ 4), which also include the
sodium insertion of MoS2 [63, 64]. In the first charge process, the oxidation peak at
1.5-2.5 V of SPAN-Mo-475 (related to the oxidation of Mo to MoS2 and Na2Sx to
sulfur) was significantly enhanced from that of PAN-Mo-475. The curves of
SPAN-Mo-475 were almost overlapped after first cycle, indicating the high
reversibility of SPAN-Mo-475 composites. Shown in Fig. S8 is the galvanostatic
discharge-charge profile of SPAN-Mo-475 electrodes. In the first discharge process,
the SPAN-Mo-400, SPAN-Mo-475 and SPAN-Mo-550 electrodes achieved a
capacity of 793, 698 and 490 mAh g-1 respectively. The initial coulombic efficiency
was figured as 70.9%, 70.6% and 66.9%. The consuming Na+ in the formation of SEI
films led to the low coulombic efficiency in the first cycle. Besides, two discharge
plateaus were observed at 1.9 and 0.3V, resulting from the oxidation of Mo and S,
which coincided with the above CV results.
The cycling performance of the cells with as-prepared electrodes anode in
esters-based electrolyte at a current density of 1 A g-1 is shown in Fig 4b. The specific
capacity was calculated based on the total mass of the active materials. Although the
SPAN-Mo-400 sample showed the highest capacity in the initial cycles, the capacity
fade is great and unfavorable. For comparison, others electrodes delivered stable
capacity, among which the SPAN-Mo-475 electrode showed the highest capacity of
351 mAh g-1 at the current density of 1 A g-1 after 500 cycles. Besides, the
15

morphological characterization of SPAN-Mo-475 electrode after the cycling provides
faithful evidence for its structure stability (Fig. S9). The discharge–charge capacities
of these samples were further estimated at a current density of 5 A g−1 (Fig 4c and Fig
S10). An excellent high reversible capacity of 326 mAh g−1 was reached from the
SPAN-Mo-475 electrode, with 96% reversible capacity remained after 600 cycles.
Even at the ultrahigh current density of 10 A g-1, the SPAN-Mo-475 electrode also
showed a high reversible capacity of 214 mAh g-1 after 600 cycles (≈ 87% capacity
retention). By contrast, other electrodes such as SPAN-475, PAN-Mo-475,
SPAN-Mo-400 and SPAN-Mo-550, can only reach the capacity of 219, 173, 204 and
231 mAh g-1 after 600 cycles, respectively.
The rate capabilities of these samples were compared at different current densities
from 0.5 to 25 A g-1 (Fig 4d). Because the integrated structure compared with
SPAN-Mo-400 and SPAN-Mo-550, SPAN-Mo-475 exhibited the highest reversible
capacity of 456, 437, 397, 355, 326, 305, 272 mAh g-1 at current density of 0.5, 1, 2,
5, 8, 10, 15 A g-1, respectively. It also delivered high reversible capacity of 212 mAh
g−1 even at the super high current density of 25 A g-1, which was much higher than
that of others samples (78 mAh g-1 for SPAN-Mo-400, 136 mAh g-1 for
SPAN-Mo-550, 95 mAh g-1 for PAN-Mo-475 and 77 mAh g-1 for SPAN-475). At the
end of this programmed test, the discharge capacity of SPAN-Mo-475 was recovered
to ~500 mAh g-1 at 0.5 A g-1, suggesting the outstanding reversibility of the electrode
for the Na+ storage.
The long term cycling stability of SPAN-Mo-475 was further investigated at
16

ultra-large current density of 5 A g−1 and 10 A g-1 (Fig 4e and Fig S11), giving the
cycling capacities of 300, 273, 262 and 227 mAh g-1 at 1000, 2000, 4000 and 8000 th
cycles, respectively, and an highly stable coulombic efficiency of ~ 99%. At the
current density of 10 A g-1, impressively, it also delivered superior long-time cycling
stability, with 100 mAh g-1 remained after 15000 cycles (Fig S11). These energy
storage performance of the SPAN-Mo-475 is among one of the best in terms of the
long-term cycling properties of MoS2-based anode for SIBs reported so far. The rate
performance of the SPAN-Mo-475, comparing with others, is also outstanding (Fig
S12 and Table S1).

Fig. 5 (a) b values calculated from log(i) versus log(v) plots between 0.5-2.5 V. (b)
The diffusion controlled (white) and capacitive (pink) capacities of SPAN-Mo-475
electrode at different scan rates. (c) GITT curves and (d) reaction resistance during
sodiation/desodiation processes of the SPAN-Mo-475 electrode in SIBs. (e) Ex-situ
XRD of SPAN-Mo-475 electrodes during the sodiation/disodiation for SIB.
As for Na+ storage mechanism of the SPAN-Mo-475, the CV curves were further
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used to plot Fig 5a and Fig 5b. It is well known that the current (i) and scan rates (v)
obey the equation (1)
i=avb

(1)

where b is related to the Na+ storage mechanism and range from 0.5-1 (b=1 means
the capacitive-controlled process, and b=0.5 represents the diffusion-controlled
process) [65, 66]. The b values of SPAN-Mo-475 at different voltages can be
quantified with the log(v)–log(i) plots by the CV curves. As the result (Fig 5a), the b
value was closed to 1 between 0.8-2.0 V during the sodiation process, corresponding
to the high ratio of the capacitive contribution. By contrast, relatively smaller b value
was observed between the voltage window of > 2 V or < 1 V, suggesting that the Na+
storage was mainly controlled by the diffusion process.
The following established Equation was developed to specify the capacitive
contribution at the voltage window of 0.01-3V of the SPAN-Mo-475 electrode
i(V) = k1 ʋ + k2 ʋ 1/2

(2)

where k1ʋ and k2ʋ1/2 stands for the capacitive-controlled effects and the
diffusion-controlled insertion processes, respectively [67]. The pseudocapacitive
contribution can be figured to about 90% for SPAN-Mo-475 at 0.1-0.5 mv s-1.
The kinetics of the Na storage in the SPAN-Mo-475 anodes was further
investigated by using GITT (Fig 5c). The measurement was carried out by applying a
chain of pulse current of 50 mA g−1 for 15 mins, followed by a relaxation interval of 3
h for each pulse. The overpotentials dividing during the relaxation interval can be
used to calculate the reaction resistance (Fig 5d) [68, 69]. During the sodiation
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process, the reaction resistance increased markedly at voltage of 1 V, and then started
to decrease in the rest of sodiation process. The reaction resistance is related to the
conductivity change of electrode caused by both sodium intercalation and volume
expansion. It should be noted that the sodium concentration polarization was caused
by the formation of sodium polysulfide, resulting in the increasing reaction resistance
between 1-3 V in the sodiation curve. The volume expansion of MoS2 can enhance
the electrical contact between carbon and MoS2 particles, resulting in the decreasing
reaction resistance before 1 V. Besides, the reaction resistance rose gradually during
the disodiation process, resulting from the huge volume change and increasing
diffusion length [70-72].
To reveal the reversible reaction mechanism of the SPAN-Mo-475 electrode,
ex-situ XRD was performed to analyze the phase transformation producing during the
sodiation/disodiation process (Fig 5e). Before the test, the peaks located at (28.8o and
31.1o) and (33.3o) are corresponded to sulfur (JCPDS: 101-1161) and (110) plane of
MoS2 (JCPDS: 87-2416), respectively. During the discharge process from 3 V to 0.2
V, the sulfur transformed to Na2S5 firstly (3 V→1.75 V→0.8 V), and finally
transformed to the Na2S4 (0.8 V→0.2 V) (marked in black square). Similar reaction
mechanism was also observed by Wang et al [63]. Besides, the ex-situ XRD also
demonstrated the typical sodiation process of the MoS2 [NaxMoS2 + (4–x)Na+ + (4–
x)e-↔2Na2S + Mo] (marked in pink square). The weak response of Na2S located at
38.8 o is corresponded to the complete reduction of MoS2. For the charge process, the
reversible MoS2 and sulfur were observed when the voltage achieving 3 V while the
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Na2S5 served as the intermediate products. The outstanding cycling performance of
SPAN-Mo-475 indicated that the shutting effect of Na2S4 has been effectively
alleviated by the defect-rich MoS2 and SPAN fiber. On the other hand, the short
reaction path and effective liquid reaction of Na2S4 ensured the fast transformation of
sulfur element, resulting in the outstanding rate performance.

Fig. 6 (a) Schematic illustration of the SPAN-Mo-475//NVP full cell working
mechanism.

(b)

Typical

charge/discharge

curves

of

the

NVP//Na,

SPAN-Mo-475//NVP and SPAN-Mo-475//Na cell. (c) Galvanostatic charge/discharge
profiles

of

SPAN-Mo-475//NVP

full

cell.

(d)

Cycling

performance

of

SPAN-Mo-475//NVP full cell under current density of 500 mA g-1.
In view of the prominent performance of SPAN-Mo-475 electrode in half-cell, a
sodium ion full cell electrochemical performance text was further evaluated via using
Na3V2(PO4)3 (NPV) as the cathode, donated as SPAN-Mo-475//NVP. Shown in Fig
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6a is the schematic illustration of the SPAN-Mo-475//NVP cell. The potential of the
full cell text is ranged from 1-3.4 V. As shown in Fig 6b, the SPAN-Mo-475//NVP
cell displayed a single voltage plateaus near 1.9 V, corresponding to the voltage
interval between SPAN-Mo-475 (1.5 V) and NVP (3.4 V). The overlapped
charge/discharge voltage curves of the SPAN-Mo-475//NVP full cells in selected
cycles showed the good cycling stability (Fig 6c). Moreover, the full cell could still
perform a high capacity of 328 mAh g−1 after 50 cycles (Fig 6d). Impressively, the
commercial LED lights could be readily powered by the full cell, demonstrating that
the SPAN-Mo-475 could be employed as the anode materials in a full cell.

Fig. 7 The sodiation/disodiation schematic illustration of the SPAN-Mo-475
electrode.
To clearly demonstrate the synergistic effects of ultra-stable substrate of SPAN and
high-active

promoter

of

defective

few
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layered

MoS2

nanosheets,

the

sodiation/disodiation schematic illustration of the SPAN-Mo-475 electrode was
shown in Fig 7. The 1D SPAN fiber can accelerate ionic diffusion and improve the
contact area between electrode and electrolyte. The 2D defect-rich few-layer MoS2
restricted in SPAN fiber alleviated the collapse of the structure caused by volume
expansion during electrochemical reactions. The fast long-chain short-path liquid
reaction on the sulfur elements during the sodiaton/disodiation process ensured the
excellent rate performance of the SPAN-Mo-475 composite. Besides, the
sulfur-vacancies on the MoS2 layer structure can be used for not only anchoring Na2S4
as well as Na2S5 but also transferring Na+. Such interaction between SPAN and MoS2
result in the impressive electrochemical performance for SIB.
4. Conclusions
In summary, we have designed and fabricated the defective MoS2 nanocrystals and
sulfur nanodots simultaneously embedded in sulfurized polyacrylonitrile fibers via an
electrospunning technology, followed by a simple annealing treatment. It exhibited
impressive electrochemical performance on Na+ storage owing to the engineered
structure and chemical components. The MoS2 combined on the SPAN have short
Na+ diffusion length. The rich defects of MoS2 can not only provide more entrances
and areas for the insertion of Na+ but also enhance the interaction between MoS2 and
sulfur, and then further enhance the Na+ kinetics and alleviate the loss of active
material. When served as anode for SIB, it delivered a high reversible capacity and
prominent rate performance. Impressively, it displayed a high capacity of 227 mAh
g-1 after long term cycling for 8000 cycles under 5 A g-1. Such a promising
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electrochemical performance may inspire a profound approach for the development of
MoS2 based SIB materials.
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Fig S1. SEM images of (a, c) PAN-Mo-475 and (b, d) SPAN-475 composites.

Fig S2. XRD pattern of bulk commercial MoS2.
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Fig S3. The TGA curves of SPAN-Mo-475 samples obtained in an air and Ar flow at a heating
rate of 10 oC min-1 from room temperature to 600 oC.
The TG curves were carried out from the room temperature to 600 oC (10 oC/min under the air
flowing). For the TG curves obtained under the air atmosphere, the weight loss before 100 oC is
corresponded to the evaporation of H2O. The combustion of SPAN and oxidation of MoS2
(MoS2+O2 → MoO3) as well as sulfur (S+O2 → SO2) resulting in the weight change between 100
°C and 600 °C. Therefore, the final masses of these samples are MoO3, which can be used for
calculating the MoS2 contents.
Furthermore, for the TG curves obtained under the Ar atmosphere, the evaporation of H2O is
related to the weight loss before 100 oC. The weight loss after 100 oC is corresponded to the
sublimation of sulfur.
The total S contents (Stotal wt%) in SPAN-475, PAN-Mo-475, SPAN-Mo-400, SPAN-Mo-475 and
SPAN-Mo-550 were determined by the elemental analysis as 20.2 wt%, 10.3 wt%, 32.2 wt%, 31.4
wt% and 28.2 wt%, respectively. Upon the mass remain of MoS2 (Wremain) from the TGA result
(Figure S3), the mass ratio of MoS2 : S in SPAN-Mo-400, SPAN-Mo-475 and SPAN-Mo-550
were calculated as 1 : 0.75, 1 : 0.75 and 1 : 0.40, respectively .
For example of SPAN-Mo-475, the MoS2 content (MoS2 wt%) can be calculated as
MoS2 wt% = Wremain / MMoO3 * MMoS2 / W 100o=23.6% / 144 * 160 / 96.5%= 27.2 wt%.
W 100o : The weight retained at the temperature of 100o.
The S contents of MoS2 can be calculated as
SMoS2 wt% = MoS2 wt% / MMoS2 * 2 * MS =27.3% / 160 * 64 = 10.87%.
The SS wt% (excepts sulfur in MoS2) can be calculated as
SS wt% = Stotal wt% - SMoS2 wt% = 31.4% - 10.92% = 20.53 wt%.
Thus, the mass ratio can be calculated as
MoS2 wt% / SS wt% = 27.2% / 20.53%=1:0.75.
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Fig S4. Raman spectrum of bulk commercial MoS2.

Fig S5. Raman spectrum of SPAN-Mo-400, SPAN-Mo-475 and SPAN-Mo-550 between the
raman shift of 1000-1800 cm-1.
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Fig. S6 SEM images of (a-b) SPAN-Mo-475, (c-d) D-SPAN-Mo-475 and (e-f) D-SPAN-475. (g)
Raman spectra and (h) FTIR spectra of SPAN-Mo-475, D-SPAN-Mo-475 and D-SPAN-475.

Fig. S7 Mo 3d XPS spectra of SPAN-Mo-400 and SPAN-Mo-550.
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Fig S8. Discharge-charge profiles of (a) SPAN-Mo-400, (b) SPAN-Mo-475 and (c)
SPAN-Mo-550 at current density of 0.5 A g-1.

Fig S9. SEM images of SPAN-Mo-475 sample (a) before cycling and (b) after cycling at 1 A g-1
for 500 cycles.

Fig S10. The long-term cycling performances of SPAN-Mo-400, SPAN-Mo-550, PAN-Mo-475
and SPAN-400 electrode at current density of 5 A g-1.
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Fig S11. The long-term cycling performance of SPAN-Mo-475 electrode at ultrahigh current
density of 10 A g-1.

Fig S12. Rate properties comparison of the SPAN-Mo-475 and newly reported MoS2 based
electrodes for SIBs.
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Table S1. Cycling performance of the SPAN-Mo-475 and lately reported MoS2 based electrodes
for SIBs.

Sample

Loading mass
of active
materials in
electrode

Current density
(A g-1)

Cycles

Reversible
capacity
(mAh g1)

SPAN-Mo-475

80%

5

8000

227

G@MoS2-C

80%

3

4500

253

S1

HMF-MoS2

85%

1

125

267

S2

MoS2/C-NR

70%

0.5

350

287

S3

MoS2-rGO/HCS

80%

1

500

443

S4

C@MoS2@PPy

70%

5

500

294

S5

E-MoS2/carbon

80%

5

3000

127

S6

MoS2/C

70%

4

600

310

S7
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The defective MoS2 nanocrystals and sulfur nanodots simultaneously embedded in sulfurized
polyacrylonitrile fibers are fabricated and exhibits excellent electrochemical performance with
greatly enhanced high rate and superior long-term cycling performance for SIBs.

Highlights
 The defective MoS2 nanocrystals were fabricated by controlled sulfuration
treatment.
 MoS2 nanocrystals and sulfur nanodots were simultaneously embedded in SPAN
fibers.
 It exhibits excellent high rate performance (8000 cycles at 5 A g-1) for SIBs.
 The SPAN-Mo-475//NVP full cell successfully powered a group of light-emitting
diode.
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